Abstract. Nanoimprinting has been recognized as a highly potential method of volume production for nanoscale devices. In the nanoimprinting process, the filling process of the mold cavity plays a key role in determining the productivity of the nanoimprinting process and the quality of the final imprint product. A defective filling of the mold affects the uniformity, precision, and throughput of the imprint. The mold filling is subjected to the applied imprinting pressure and temperature, repetitive mold use, mold sticking, or factors regarding mold features. It involves physical contact between the mold and the polymer layer on the substrate surface; thus, how the polymer fills up the cavity is of major interest and is vital in pattern transfer. The proposed study employs a finite element model for the single mold cavity to simulate the nanoimprint process. The mold is assumed to be a linear elastic body and the polymer preheated above its glass transition temperature is considered to be nonlinear elastic, described by the Mooney-Rivlin model. The numerical model is able to predict the mold filling at any nanoimprint stage and the mold cavity with various aspect ratios. To study the effects of pattern density and contact friction existing between the mold and polymer during the mold filling of the nanoimprinting process, an imprint mold with mixed pattern density is simulated and a sensitivity analysis of a contact friction coefficient on the mold filling is performed. Both the cavity feature and pattern density have significant effects on mold filling of the nanoimprinting process, while the contact friction coefficient has a mild effect. The obtained results support the development of a process recipe and automatic large-scale industrial production for nanoimprinting. © 2006 Society of Photo-Optical Instrumentation Engineers.
Introduction
As the semiconductor industry continues the trend of miniaturization leading to nanoelectronics, the demand for sub-100-nm feature size in lithography becomes indispensable. This critical need has made photolithography face serious obstacles due to the limitation of wavelength. The alternative nonphotolithographic techniques not limited by the effects of wave diffraction, scattering, and interference in a resist, and backscattering from a substrate have become more prominent in the semiconductor industry. During the past several years, some major efforts have been directed toward developing nonphotolithographic techniques for fabricating nanoscale patterns. Imprint-based alternative lithography techniques have been demonstrated on a laboratory scale, namely nanoimprint lithography, mold-assisted lithography, and microcontact printing. 1 Among them, nanoimprint lithography has received the highest attention and has been recognized as one of the most promising nonphotolithographic methods for nanoscale device manufacturing since it was presented by Chou, Krauss, and Renstrom. [2] [3] [4] [5] Basically, nanoimprint lithography ͑NIL͒, also known as hot embossing lithography ͑HEL͒, involves an imprint step with physical deformation of a thin film of a thermoplastic polymer cast on a substrate by using a rigid stamp under pressure and elevated temperature, followed by a pattern transfer step involving the complete removal of the residual resist layer in the compressed areas by using an anisotropic etching process, such as reactive ion etching ͑RIE͒, to open the windows to the substrate. A typical NIL process is illustrated in Fig. 1 .
Nanoimprint lithography has the potential to play a very important role for nanoscale pattern generation, because of its attractive characteristics such as flexibility, low cost, and high resolution. In addition, nanoimprint lithography could also be an alternative to conventional lithography for being able to define patterns down to sub-10 nm and can provide a wide range of interesting potential applications as well as new opportunities for micro-and nanofabrication. 6, 7 While nanoimprint lithography has been studied and investigated in great detail by several research groups worldwide, and some significant achievements of the extensibility and application capabilities have been demonstrated in recent years, 8, 9 nanoimprint lithography has been capable of patterning only fairly small samples, which severely limits the industrial applications of the technique. As a consequence, how to improve throughput to meet the requirements for large-scale industrial use is the most challenging issue for the research community of nanoimprint techniques at the present time.
For the nanoimprinting process, since it involves physical contact between the mold and the polymer layer on the substrate surface under applied pressure and temperature, the process of polymer filling of the cavities is a very important step in the patterns transfer for nanoimprinting. In practice, this mold filling process governs the quality of the final imprint product and plays a key role in determining the productivity of the nanoimprinting process. Incomplete mold filling has a detrimental effect on the final imprinted pattern dimensions. Once incomplete mold filling exceeds an acceptable level, it can result in the final transferred pattern dimension going out of specifications and losing fidelity as well as uniformity, leading to poor quality of the final imprinted products. Hence, the reduction of variations in mold filling is required. Mold filling must be of particular concern as the dimensional requirements of the final imprinted product become more stringent and efforts are Hocheng and Nien: Numerical analysis of effects of mold feature¼ directed to improve the nanoimprint technique as a reliable and high-throughout process for large-scale industrial use.
As a result of the concern of mold filling during the nanoimprinting process, various qualitative investigations have reported models and explorations on the behavior of polymers and mold filling mechanisms. For instance, Scheer and Schulz 10 indicated that two major problems that arise with respect to the pattern transfer are the problems of sticking, and mass transport and viscous flow. Heyderman et al. 11 reported that imprinting conditions ͑time, temperature, and pressure͒ required for replication at microscale also result in good replication at nanoscale. The key factor for a good and fast molding process is the viscosity of the material, which is largely dependent on the imprinting temperature. The investigation conducted by Scheer and Schulz 12 proved that the flow behavior of the polymer is the limiting factor in the replication of micrometer-sized features, but does not adversely affect nanometer structuring. Schift et al. 13 explored the principle of pattern formation during the imprint of a thin molten polymer film and indicated there are two different types of filling mechanisms: simple flow of polymers from the borders and formation of polymer mounds.
In contrast to the qualitative investigations on pattern formation of the nanoimprinting process, little work can be found in the quantitative characterization of mold filling during the nanoimprinting process. The present work, continuing on a recent study, 14 takes a further step toward understanding pattern formation and exploring the quantitative information on mold filling variations during the nanoimprinting process. To this end, and to understand the mechanical behavior of the contact process between the silicon imprint mold and the thin film of polymethyl methacrylate ͑PMMA͒ spin-coated on silicon substrate, a finite element model for the single mold cavity has been constructed. The commercial finite element code ANSYS ͑AN-SYS Inc., Canonsburg, PA͒ was used to simulate the imprint process. The material behavior of the mold is assumed to be linear elastic, and the polymer preheated above its glass transition temperature is considered to behave as a nonlinear elastic body described by the Mooney-Rivlin model. Using the developed numerical model, the mold filling variations can be determined at any nanoimprint stage and for a mold cavity with a variety of aspect ratios. Moreover, to investigate the effects of pattern density and contact friction existing between the mold and polymer on mold filling of the nanoimprinting process, the model for an imprint mold with mixed patterns in an active area has been constructed and used to explore mold filling in the nanoim- Hocheng and Nien: Numerical analysis of effects of mold feature¼ printing process. A sensitivity analysis is finally performed to investigate the influence of contact friction on mold filling.
The subsequent sections of this work present the details of this study and are organized as follows. Section 2 describes the simulation model used here. Section 3 gives the simulation results and illustrates the contact friction sensitivity analysis. Finally, Sec. 4 provides the conclusion.
Modeling and Simulation of the Nanoimprint Process 2.1 Finite Element Modeling
In this section, the finite element model is developed to determine the filling process of a mold cavity for a typical isothermal nanoimprint process. While modeling, we assume that the imprint mold satisfies the plane strain conditions, and since the imprint mold and polymer geometry, and also the loading conditions, are close to the axially symmetrical ones, the model for the nanoimprint process can therefore be simplified to be a 2-D and axissymmetrical finite element model. Also, the material behavior of the imprint mold is assumed to be linear elastic, and the polymer preheated above its glass transition temperature is considered to behave as a nonlinear rubber-elastic body, described by the Mooney-Rivlin model. Furthermore, the nanoimprint process is inherently one involving large deformations, particularly under the elevated mold areas where polymer materials of PMMA may be displaced some distance. Thus, the polymer material, geometry, and contact nonlinearity need to be considered in the finite element model.
The 2-D model was entirely generated using ANSYS® 8.0. The imprint mold was meshed using four-noded elements PLANE42, 2-D plane elements with two degrees of freedom at each node. The element selected to model the polymer behavior was the hyper-elastic HYPER56 axissymmetrical element. It should be noted that due to the thin nature of the polymer film, an extremely fine mesh was required to produce adequate element aspect ratios. The contact was defined in the mold-polymer system using 2-D line-to-line contact elements. The finely meshed cavity section of the imprint mold was chosen as contact nodes, while the polymer was selected as the target surface. Meanwhile, the contact interaction between imprint mold and thin film of PMMA was simulated with the use of the elements TARGE169 and CONTA171. Figure 2 shows the imprint mold and PMMA polymer system.
The required boundary conditions, dimensions, and geometry of the axis-symmetrical imprint mold and PMMA polymer model are depicted in Fig. 3 . As shown, the constraints were applied to the bottom, right-hand side, and symmetrical line of the model. Along the right-hand side and the symmetrical line, the degree of freedom in the x direction was fixed. Hence, there is no displacement in the x direction. By constraining the nodes along the bottom surface of the polymer from displacement in the x and y directions, the boundary conditions on the finite element model were complete. Figure 4 shows the meshed finite element model.
Numerical Calculations
To investigate the effects of cavity aspect ratio and pattern density on the mold filling of the nanoimprinting process, two representative cases were simulated by the numerical model outlined in the previous section, namely, the single mold cavity with various aspect ratios, shown in Figs. 3 and 4, as well as the imprint mold with aperiodic cavities. The cases studied here consist of an isothermal imprinting operation of a 300-nm-thick PMMA polymer, and the widths for all mold cavities are also 300 nm. As in the case of a single mold cavity, the required boundary conditions, geometrical data, and meshed finite element model for the imprint mold with various pattern densities are shown in Figs. 5 and 6, respectively.
As previously mentioned, during the imprinting process, the PMMA polymer preheated above its glass transition temperature is considered to behave as a nonlinear rubberelastic material and its mechanical properties can be characterized by means of the Mooney-Rivlin strain energy function. 15, 16 The Mooney-Rivlin strain energy function for an incompressible isotropic elastic material is expressed as
where C 10 and C 01 are physical constants characterizing the material, and I 1 and I 2 are strain invariants. The two invariants I 1 and I 2 are defined by 10 , ͑4͒
where E is the Young's modulus of the polymer. In all of these finite element method ͑FEM͒ simulations, the material properties adopted for the polymer as well as the silicon imprint mold are as follows. First, above the polymer glass transition temperature, the Young's modulus E of the polymer PMMA was assumed to be 10 MPa 19 and Poisson's ratio was chosen v = 0.49967. Second, using Eqs. ͑4͒ and ͑5͒ and taking 10 MPa for Young's modulus E of the polymer, one obtains the values of C 10 and C 01 , used in all simulation cases, as 1.3 and 0.3 MPa, respectively. Third, during the isothermal imprinting process, the silicon imprint mold was assumed to be linear elastic, and its Young's modulus and Poisson's ratio are 165 GPa and 0.3, respectively. Moreover, all cases studied here are based on the assumption that the coefficient of the contact friction between the polymer and imprint mold is 0.0 due to the imprint mold surface always being coated by an antisticking layer in practical imprinting operations.
Once the material properties and boundary conditions were specified as described earlier, numerical simulations can be performed by applying a vertical load on the upper surface of the imprint mold.
Results and Discussion

Single Mold Cavity with Various Aspect Ratios
Two different mold cavity depths have been adopted in our simulations for the category of a single mold cavity. One is 100 nm and the other is 200 nm. The mold filling stages, represented by the maximum displacement of PMMA under the mold cavity and named PMMA displacement in the following for convenience, corresponding to different load steps for cavity depths of 100 and 200 nm are presented in Figs. 7 and 8 , respectively. A typical PMMA displacement versus the applied pressure for the imprint mold-PMMA polymer system is shown in Fig. 9 . Figures 7 and 9 show that the final applied pressure required to fully fill the mold cavity is up to 6 MPa, and the total PMMA displacement is 75.1 nm for the 100-nm cavity depth. For the 200-nm cavity depth, Figs. 8 and 9 show that the final applied pressure required to fully fill the mold cavity reaches 13.5 MPa, and the total PMMA displacement is 150.3 nm.
One can see that the applied pressure required to fully fill the mold cavity with 200-nm cavity depth is about two times that of the mold cavity with 100-nm cavity depth. This is expected, because once the imprint mold with deeper mold cavity is pressed into the PMMA polymer, the volume of the displaced polymer required to fill up the mold cavity increases substantially. Since the volume of the displaced polymer becomes larger, larger force is required for the imprint mold to further compress the polymer. 
Imprint Mold with Aperiodic Cavities
The status of mold filling for the imprint molds with various pattern densities in a patterned field in the sequential stages of the imprinting process is shown in Fig. 10 . Obviously, under the applied 5.2-MPa load on the imprint mold, cavity 3 has been fully filled, while cavities 1 and 2 have not yet been filled completely. The nonuniform mold filling can be explained by the existence of different moving distances of polymer and uneven forces required to move the polymer in a patterned field with various pattern densities during the imprinting process. The existence of different moving distances of polymer is caused by the fact that the polymer filling cavities 1 and 2 needs to be supplemented by the polymer around cavity 3. This need naturally results in the polymer traveling the longest distance to fill cavity 1, and the traveling distance for the polymer to fill cavity 2 ranks second. On the other hand, the uneven forces are the result of the higher force being required to move the larger volume of polymer in the dense feature region to fill up multiple cavities at the same time. Due to the larger forces for moving polymer in the region of cavities 1 and 2, a slower movement of imprint mold in the region of cavities 1 and 2 than in the region of cavity 3 happens and results in unequal mold filling among mold cavities. Figure 11 presents the quantitative variations of the PMMA displacement among the cavities. From the data shown on the curves in Fig. 11 , we found that the difference of PMMA displacement between cavities 1 and 3 may reach 21 nm at the stage of cavity 3 being filled completely. This phenomenon will cause nonuniformly imprinted patterns.
Sensitivity Analysis of the Effect of the Contact
Friction Coefficient In the previous simulated cases, to simplify the problem, the contact friction coefficient is assumed to be zero at the interface of the imprint mold and polymer. However, in practical nanoimprinting operations, the contact friction coefficient should not be zero and the introduction of friction may be critical. Due to these considerations, a sensitivity study of the effect of the contact friction coefficient was conducted to understand its effect on mold filling and the applied pressure during the nanoimprinting process. In the sensitivity analysis, in regard to the similarity of the simulation process, we took a case where the depth of the imprint mold cavity is 100 nm as a representative example. Meanwhile, the considered nanoimprint process was simulated with a series of contact friction coefficients of 0, 0.01, 0.02, 0.04, 0.06, 0.08, and 0.10.
The results of the sensitivity analysis are illustrated in Fig. 12 . The increment of the contact friction coefficient from 0 to 0.1 does not influence the applied pressure level required to fully fill up the mold cavity, and the corresponding variation in PMMA displacement is less than 1 nm. The analyses show that a small variation of the value of the PMMA displacement has been observed at the given variation of the assumed value of the contact friction coefficient. Thus, it is reasonable to draw the preliminary conclusion that the contact friction coefficient has mild effect on mold filling.
Conclusions
The isothermal stage of the imprinting process is investigated above the transition temperature of the PMMA polymer in this work. The effects of cavity aspect ratio, pattern density, and contact friction existing between the mold and polymer on the applied pressure and mold filling with different cavity aspect ratios and mixed pattern density are simulated, and a sensitivity analysis of the effect of contact friction coefficient is also performed. The simulation results show that both the cavity feature and pattern density have significant effects on mold filling of the nanoimprinting process, while the contact friction coefficient has mild effect.
The imprinting process for PMMA polymer can be modeled effectively using the Mooney-Rivlin model and finite element discretization. The numerical simulations can provide not only information on the initial and final states of the process, but also on the intermediate state of mold filling. The results arising from the model indicate that the imprint mold with varied pattern density has nonuniform displacement during the imprinting process, which causes poor uniformity of the imprinted patterns. The obtained results can support the development of the process recipe and automatic large-scale industrial production for nanoimprinting.
During the numerical simulation of imprinting processes, special attention is paid to the adopted simplifications. These simplifications include the assumed material model, choice of finite element, and the boundary condi- Hocheng and Nien: Numerical analysis of effects of mold feature¼ tions. A proper estimation of the condition on the contact between the imprint mold and the PMMA polymer is also very essential. This work concentrates on the isothermal stage of the complete imprinting process, under the assumption that the friction coefficient between the PMMA polymer and imprint mold is zero as a trial run. To build an accurate model of imprinting processes for performing optimum mold design and simulation, the cooling and demolding stages of the imprinting process need to be analyzed, and the temperature effects should be included in the model to obtain an effective simulation of the complete imprinting process.
